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Abstract 
The purpose of this study was to develop a methodology for systematically unloading in locomotion, 
which allows for a simple and comfortable weight reduction to study individual movement patterns and 
adaptations to under-g conditions. For this purpose an unloading harness was constructed. Further vertical 
ground reaction forces (vertical GRF) were used to develop a formula to calculate the individual 
unloading situation with respect to the body weight. The constructed unloading harness system allows for 
a systematical reduction of body weight. Using vertical GRF data, the developed methods enable to 
calculate the required system settings to obtain the desired individual unloading situation in static as well 
as in dynamic situations.  
© 2013 Published by Elsevier Ltd. Selection and peer-review under responsibility of RMIT University 
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1. Introduction 
Joint motion is subject specific and assumed to be individually highly repeatable [1, 2]. It is assumed 
that joint motion follows a path of least resistance determined by, e.g. the shapes of the articular surfaces, 
tendons, ligaments and muscles surrounding the joints [1]. The preferred motion path is assumed to be the 
path where the acting internal forces and force requirements are minimized. Experimental results show 
that changes in skeletal movement due to interventions, e.g. shoes or inserts, are only small and subject 
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specific [3]. There is evidence that when constraints, such as higher/reduced loads or interventions are 
imposed, the locomotor system will control muscle activity to sustain the preferred motion path. Weight 
relieving has the potential to control the total load acting upon the body and thereby to conduct studies 
determining the effects on the locomotor system and how the body will adapt to changed load. 
Everyday activities, like walking or running under different loading conditions are already described in 
the literature. Therefore, devices were developed to systematically reduce body weight to study individual 
movement patterns and adaptations to under-g conditions [4, 5]. Besides an application for scientific 
research, some devices were developed for use in rehabilitation programs for post treatments of 
orthopedic diseases of the lower extremities or in training. Thereby, this device could support the 
individual demands in a healing process of a patient [6] or induce a controlled training stimulus.  
Most of the developed unloading harness systems are commercially not available [7-9]. Others 
demonstrate construction properties which do not allow for a motion analysis. Therefore the purpose of 
this study was to develop a methodology for systematically unloading in locomotion which allows for a 
simple and comfortable weight reduction. By analyzing the vertical ground reaction forces, this study also 
aimed to develop a generally valid formula, calculating the individual unloading situation with respect to 
the body weight. 
2. Methods 
The study was performed at the biomechanics lab in the track and field indoor facilities of the German 
Sport University Cologne, Germany. To study locomotion in under-g load bearing conditions, an 
unloading harness was developed to systematically reduce body weight in a static situation and while 
running on an instrumented treadmill. Using this setup analog force signals were collected to develop a 
methodology to validate the individual unloading situation.  
2.1. Construction of the unloading device 
neoprene. For protection and to 
provide enhanced comfort, a jock strap was worn underneath the wetsuit. For reinforcement, belts were 
attached to the wetsuit and four carbines were fixed to four points at the hip (close to spina iliaca anterior 
superior/posterior, left and right respectively) to ensure a load transmission near the center of mass. The 
harness was supported by Kevlar ropes attached to four pneumatic cylinders (type: DSNU, Ø 25mm 
Festo, Esslingen, Germany), which applied a nearly constant upward force. The cylinders were mounted 
pneumatic cylinders, two precision regulating valves (LRP-1/4-10, Festo, Esslingen, Germany) were 
used. 
Vertical GRF data was collected with an instrumented force treadmill (Treadmetrix, Park City, UT, 
USA) at 1000 Hz. Force data were filtered using a fourth order, recursive Butterworth filter with a cutoff 
frequency of 40 Hz. The data was used to control the loading reduction both in a static and in a dynamic 
situation. The treadmill consisted of an aluminum belt unit which was carried by four load cells (AMTI, 
Watertown, MA, USA). The stand-alone load cells were mounted on four heavy steel columns which 
were connected to a 350 kg base steel plate. 
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Fig. 1. A device for simulating under-g conditions, consisting of a custom made harness, supported by ropes which are attached to
four pneumatic cylinders. Two precision regulating valves (one valve for two cylinders) ensure a constant pressure of the pneumatic
cylinders. (a) Schematic figure of the unloading device, where a ring replaces the costume made harness and the instrumented force
treadmill is replaced by a box. (b) Picture of the constructed unloading device with a subject integrated.
2.2. Development of a generally valid formula to determine the individual unloading situation
Eleven healthy male subjects (age 26 ± 3 yrs; height 180 ± 7 cm; weight 76 ± 8 kg; mean ± SD)
participated in this study. All subjects were free of pain and injury. 
To calculate the individual unloading situation a gradual load reduction was carried out, whereas the
pressure was increased in 20 kPa steps, from 0 Pa up to 500 kPa, both in a static and in a dynamic
(running at 3.0 m/s) condition. The maximum pressure level was individually adapted to the unloading
situation. Maximum pressures ranged from 300 kPa up to 500 kPa. For every pressure level in the
dynamic condition (3 m/s), ten stance phases of the right leg were analyzed. To control the load
reduction, vertical GRF were measured by means of the instrumented force treadmill. 
In the dynamic situation the mean of the maximum GRF of 10 stance phases of the right leg was
analyzed for each trial. Every stance phase began with the heel contact and ended with toe off. For 
calculations a threshold of 50 N was used. For each trial within the static condition the mean vertical GRF
(= average body weight) was included. The entire analysis was conducted using custom written Matlab 
(R2010a, The Mathworks, Natick, USA) code. From those measurements a relative force reduction over
pressure function was derived.
To detect correlations between the individual unloading situation and the adjusted pressure level a
linear regression analysis was performed, whereas the pressure level represents the independent variable
and the resulting vertical GRF the dependent variable. In the fitting procedure, regression lines were
forced to always match 100% body weight in the 0 Pa condition (Fig. 2.). Therefore, only the slope of the
regression line was varied in order to find the regression line that minimizes the sum of squared residuals
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between measured and predicted data points. Due to this approach, linear relative unloading  pressure 
formulae between subjects differed only with respect to the slope of the regression line.  
Based on this, two methods were developed to calculate the individual unloading situation with respect 
to the body weight.  
The first method assumed that a linear relationship between relative unloading and respective pressure 
levels was existent. Therefore, four calibration measurements at different pressure levels (e.g. 100, 200, 
300 and 400 kPa) had to be performed. Based on those calibration data, an individual regression line was 
generated, allowing necessary pressure levels to be calculated from the requested weight reduction.  
The second method was developed in order to avoid calibration measurements and the necessity to use 
an instrumented treadmill. It was assumed that the individual slope of a load reduction over pressure 
regression line calculated from the static condition was 
mass. Therefore, nal regression 
line was derived, taking all 12 subjects into account. Coming back to that final regression, it was possible 
to determine an individual pressure-unloading relationship  and no 
further calibration measurements. 
3. Results 
The developed unloading harness device allowed for a systematical reduction of body weight. Easy 
pressure control was possible by using two regulating valves. Subjects were not restricted by the harness 
system and showed normal gait pattern up to a relief of about 50% body weight. Perception of comfort 
varied individually.  
Vertical GRF showed different characteristics between the static and the dynamic condition. In the 
static condition a reduction of body weight lead to a linear reduction of the vertical GRF for every subject 
(Fig. 2.). Correlation coefficients varied for the subjects between r = 0.993 and r > 0.999. Maximum 
pressures ranged from 300 kPa to 500 kPa and effected a reduction of body weight from 58% to 84%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Exemplary relative body weight over pressure regression line for one subject. 
Relationship between pressure and body weight did not always prove to be linear for the dynamic 
condition. Two different characteristics could be detected. Four subjects showed a linear negative 
correlation between pressure level and weight reduction in percent. For the other seven subjects a 
curvilinear correlation could be found (Fig. 3.). 
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Fig. 3. Representative relative load over pressure graphs for one subject showing a linear behavior (a) and one showing nonlinear 
behavior (b). 
The correlation coefficients varied between r = 0.901 and r > 0.997. Maximum pressures ranged from 
300 kPa to 400 kPa and effected a reduction of body weight from 38% to 60%.  
4. Discussion and conclusion 
The construction of an unloading harness device to study locomotion in under-g load bearing 
conditions was successful. Compared to devices using a spring based system [4, 7, 9], this device, 
working with four pneumatic cylinders, controlled by two regulating valves, was able to apply a nearly 
constant upward force near the center of mass to relief body weight up to 50%, both in a static and 
dynamic situation. In contrast to other devices [8] this modified wetsuit and its four point suspension 
close to the hip allows for a natural movement of the body without limiting upper body movement. In 
addition a continuous force transmission was obtained. This construction furthermore allows for a three 
dimensional motion analysis on a marker based system. Comfort of the harness construction was assessed 
differently by each subject, especially in the pubic area. For better comfort the wetsuit should be replaced, 
respectively reworked in this area.  
In the static condition a linear correlation between pressure level and relative reduction of body weight 
could be detected for every subject. Accordingly this device allows for a continuous weight relief. In the 
dynamic condition for some subjects a curvilinear correlation of the vertical GRF could be observed. 
Those results could be explained by subject specific movement patterns or individual adaptation 
mechanisms to running under reduced body weight.  
Based on the kinetic data two methods were developed to calculate the required pressure level to 
obtain the desired individual unloading situation. The first method is based on calibration measurements 
at different pressure levels. The regression derived from those measurements enabled us to easily read off 
the necessary pressure level for a wanted weight relief. For this method an instrumented treadmill is 
necessary. Further the results show that in the dynamic situation the linear correlation is not as strong as 
in the static situation, which will lead to imprecise forecasting of the unloading situation and highlights 
the need for nonlinear fitting procedures in subject specific calibration. 
The second method was based on data of 12 subjects. With the developed formula, the required 
pressure level for a wanted percentage weight reduction can be calculated. For a valid formula and to 
minimize the error, data of every weight class is required. In this study data of weight classes between 75 
and 90 kg are missing (Fig. 4.).  
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Fig. 4. Correlation between the su individual regression slope of the relative body weight over pressure graphs
of method 1.
Besides, it could be shown that the correlation coefficient varies between the static and the dynamic
situation. Therefore, a calibration approach for every condition is required. To improve validity the
sample should be enhanced and missing weight classes should be recruited.
The constructed unloading harness device allows for a three dimensional motion analysis. In future
studies this device should be used to analyze kinematic, kinetic and muscle activity adaptations to
reduced body weight. Thereby it could help to determine individual movement patterns and adaptations to 
under-g conditions. 
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